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Protein, lipid and water organization in bacteriorhodopsin crystals:
a molecular view of the purple membrane at 1.9Å resolution
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Background: Bacteriorhodopsin (bR) from Halobacterium salinarum is a
proton pump that converts the energy of light into a proton gradient that drives
ATP synthesis. The protein comprises seven transmembrane helices and in
vivo is organized into purple patches, in which bR and lipids form a crystalline
two-dimensional array. Upon absorption of a photon, retinal, which is
covalently bound to Lys216 via a Schiff base, is isomerized to a 13-cis,15-anti
configuration. This initiates a sequence of events — the photocycle — during
which a proton is transferred from the Schiff base to Asp85, followed by
proton release into the extracellular medium and reprotonation from the
cytoplasmic side.
Results: The structure of bR in the ground state was solved to 1.9 Å resolution
from non-twinned crystals grown in a lipidic cubic phase. The structure reveals
eight well-ordered water molecules in the extracellular half of the putative proton
translocation pathway. The water molecules form a continuous hydrogen-bond
network from the Schiff-base nitrogen (Lys216) to Glu194 and Glu204 and
includes residues Asp85, Asp212 and Arg82. This network is involved both in
proton translocation occurring during the photocycle, as well as in stabilizing
the structure of the ground state. Nine lipid phytanyl moieties could be modeled
into the electron-density maps. Matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) analysis of single crystals demonstrated the
presence of four different charged lipid species.
Conclusions: The structure of protein, lipid and water molecules in the crystals
represents the functional entity of bR in the purple membrane of the bacteria at
atomic resolution. Proton translocation from the Schiff base to the extracellular
medium is mediated by a hydrogen-bond network that involves charged
residues and water molecules.
Introduction
Biological membranes are comprised of a wide variety of
lipids and proteins. For many years, lipids were thought to
perform structural and dynamical roles, providing insula-
tion and enabling diffusion, whereas proteins were consid-
ered to be responsible for the functional properties of
membranes. These assignments are quite simplistic [1].
The complex architecture of biological membranes and
their interactions with bulk aqueous compartments there-
fore present a formidable challenge for structural and
functional studies of membranes. Because high-resolution
structures of a mere dozen families of membrane proteins
are known to date, the interactions between proteins and
lipids at the molecular level and their functional conse-
quences are poorly understood. The purple membrane
(PM) of Halobacterium salinarum has proven to be a partic-
ularly useful type of membrane, because in vivo it exists as
stable two-dimensional protein-lipid crystalline patches
with a well-defined chemical composition [2]. The PM is
composed of a single protein, bacteriorhodopsin (bR),
organized into trimers, as extensive electron crystallogra-
phy studies have shown with increasing resolution [3–5].
bR occupies 75% of the membrane mass, with 30 lipid
molecules associated with each bR trimer: six positioned
within and 24 surrounding the trimer. PM lipids consist of
90% polar and 10% non-ionizable lipids, the latter are pre-
dominantly squalene. The polar lipids are derivatives of
2,3-di-O-phytanyl-sn-glycerol and comprise phosphatidyl-
glycerol (PG), phosphatidylglycerol phosphate (PGP),
phosphatidylglycerol phosphate methylester (PGP-Me),
phosphatidylglycerol sulfate (PGS), triglycosyldiether
(TGD), sulfated triglycoside lipid (S-TGA-1) and sulfated
tetraglycosyl diphytanylglycerol (S-TeGa) [6]. The
detailed chemical nature of the lipid headgroups is not
known. The glycolipids that are crucial for the organiza-
tion of bR in the PM were shown to be located in the
extracellular leaflet of the cell membrane, presumably
with S-TGA-1 accounting for the lipids enclosed within
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the trimers [7]. PM lipids are essential in the formation of
two-dimensional bR crystals as well as in the kinetics of
the photocycle of bR [8].
We have recently introduced the novel concept of lipidic
cubic phase mediated crystallization of membrane pro-
teins [9,10], by growing bR microcrystals in a monoolein
cubic phase. This allowed a preliminary structure of bR,
including a number of structural water molecules, to be
determined to 2.5 Å resolution by X-ray crystallography
[11]. The packing arrangement of bR in these crystals is
of interest from a functional point of view, because in the
ab plane the packing arrangement of the bR trimers is
indistinguishable from that in the PM. The stacking
along the c axis is due to polar interactions between the
cytosolic and extracellular loops of adjacent layers. As
demonstrated spectroscopically, bR is fully effective in
undergoing the light-induced photocycle in these micro-
crystals [12]. It is generally accepted that proton pumping
involves the participation of water molecules, which are
located in the translocation pathway [13]. Thus a struc-
tural analysis of bR, and its interactions with water and
lipids in the PM at atomic resolution is necessary for
understanding the mechanism of its function. Following
the pioneering work of Henderson, bR structures have
been determined at increasing resolution by electron
microscopy [3–5] and more recently by X-ray crystallo-
graphy [11,14,15]. The bR structure described here
results in a model to 1.9 Å resolution. This higher resolu-
tion results from the use of larger crystals with higher
order of the monocrystalline samples than those used
previously [11]. In particular, these crystals are free of
merohedral twinning which, in the preliminary structure
[11], led to several inconsistencies. As a result, the
quality of the present model is significantly improved, as
shown by a comparison with our previous model. In addi-
tion to several minor changes, the BC loop reveals
significant differences and now exhibits a conformation
approximating that established by electron crystallogra-
phy [5]. On the basis of the identification of the lipid
species in single bR crystals, established by matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS), our model reveals the atomic structure of
bR and its water molecules as well as the location and the
orientation of nine phytanyl moieties of lipids, thus
providing a molecular view of the PM.
Results and discussion
Overall structure and crystal packing
The structure of bR, crystallized from a monoolein-based
lipidic cubic phase [9,10] was solved to 1.9 Å resolution
with an R factor of 22.3% and a free R factor of 24.5%.
Data collection and refinement statistics are summarized
in Table 1. Figure 1 shows a 2Fo–Fc electron-density map
including all atoms in the vicinity of the Schiff base. The
asymmetric unit contains a single bR monomer. The bR
structure (Figure 2) consists of seven transmembrane
helices, in agreement with earlier electron crystallographic
studies [3–5], one of which [4] was used as the starting
model for the refinement of our first structure solved to
2.5 Å [11]. With the exception of the N-terminal residues
1–4, the C-terminal residues 233–248, and part of loop EF
(residue 157–162), most of the residues are well defined in
the electron-density maps. The refined model includes
residues 5–232, one retinal molecule (20 atoms) and 26
water molecules. In the crystal, the protein molecules are
arranged as trimers related by a crystallographic threefold
symmetry, and are packed in layers parallel to the ab
plane. Within each layer, the protein organization is
similar to the hexagonal packing of bR in the PM. The
layers are stacked along the c direction via a twofold screw
axis, forming a polar array of PMs. This is interesting from
a functional point of view. Crystal contacts are made by
lipid–protein interactions within the plane of the mem-
branes, with no protein–protein interactions between
trimers. Layers along the c axis are connected by loop BC
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Table 1
Data collection and refinement statistics.
Data collection
Number of crystals used 1
Space group P63
Cell parameters (Å)
a, b, c 60.80, 60.80, 110.52
Resolution limits (Å) 38–1.9
Total number of reflections 97,807
Number of unique reflections 17,996
Completeness (%) 99.5 (98.3)
Redundancy 5.4 (4.0)
Rsym* (%) 4.6 (28.7)
<I/σ(I)> 9.9 (2.6)
Refinement statistics
Number of atoms
total 1798
protein 1752
retinal 20
water 26
Average B factors (Å2)
protein 30.2
retinal 22.2
water 35.8
Rms deviations
bond distances (Å) 0.0059
bond angles (°) 1.17
Rcryst† (%) 22.4 (27.2)
Rfree‡ (%) 24.5 (26.2)
Lipid modeling
Number of atoms/ molecules 404/ 9
Rcryst† (%) 21.9 
Rfree‡ (%) 24.0
Values for the highest resolution shell (2–1.9 Å) are given in parentheses.
*Rsym = Σh ΣI | I(h)i – < I(h) > | /Σh Σi I (h)i, where I(h) is the intensity of
reflection h, Σh is the sum over all reflections and Σi is the sum over the i
measurements of reflection h. †Rcryst = Σ | Fobs – Fcalc | / ΣFobs, where Fobs
and Fcalc are the observed and calculated structure-factor amplitudes,
respectively. ‡Rfree is calculated for 5% of the data.
and the end of loop EF only. The very weak interlayer
forces along the c axis may explain the formation of mero-
hedrally twinned crystals [14].
Proton translocation pathway
The first step in the photocycle of bR following retinal
isomerization involves the transfer of a proton from the
Schiff base to the primary acceptor, Asp85. Protonation of
this residue is followed by the expulsion of a proton to
the extracellular medium, presumably using the hydro-
gen-bond network that involves the Schiff-base nitrogen
of Lys216, residues Asp85, Asp212, Arg82, Glu194 and
Glu204, and water molecules as the putative proton
translocation pathway. Eight water molecules can be
assigned to the extracellular half of the pathway
(Figure 3). Arg82 and Glu194 are thus solvated in the
structure, being surrounded by four and two water mol-
ecules, respectively. This hydrogen-bond network may
be responsible for the stability of the ground state, and
may prevent proton transfer from the Schiff base to Asp85
in the all-trans state. The reprotonation step from the
cytoplasmic side cannot be explained from the available
data on the ground state structure of bR. Proton transfer
from Asp96 to the Schiff base probably requires a
rearrangement of the helices, as suggested by electron
diffraction and low-resolution diffraction experiments on
PM [16–18].
Lipids
After refinement of the protein structure, retinal and
water molecules, the 2Fo–Fc and Fo–Fc electron-density
maps show elongated densities surrounding the protein.
Of the maximum number of ten lipid molecules per bR
monomer, nine phytanyl moieties were assigned to these
densities (numbered 500–508; Figure 4) in the crystal.
Four lipids could be modeled in the cytoplasmic half,
and five in the extracellular half of the membrane.
These densities were consistently present in maps calcu-
lated from two independent data sets. Figure 5 illus-
trates the 2Fo–Fc electron density into which phytol
chains 506 and 500 were modeled. The electron densi-
ties for the chains are mostly continuous, whereas the
head groups are disordered and could not be identified.
The existence of endogenous PM lipids in these crys-
tals, obtained by incorporating detergent-solubilized bR
in the cubic phase, is in agreement with the evidence of
such lipids in protein–detergent mixed micelles,
obtained by NMR spectroscopy [19], and in a non PM-
like bR structure [15]. Because archaeal lipids are known
to bind strongly to the protein, it is likely that they
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Figure 1
Electron-density map (2Fo–Fc including all atoms, contoured at 1σ) in the
vicinity of the Schiff base. The electron-density map to 1.9 Å resolution is
shown in blue. Water molecules are shown as red spheres; atoms are in
standard colors.
Figure 2
Overall view of bR. The seven transmembrane helices are depicted in
ribbon representation and labeled A to G. The structure is colored
according to the temperature (B) factors of the atoms (blue, low B
factor; red, high B factor). Important residues known to participate in
proton translocation during the photocycle are shown in green ball-
and-stick representation. Starting at the cytoplasmic end of the protein,
these residues are: Asp96, Lys216 bound to the retinal, Asp85,
Asp212, Arg82, Glu194 and Glu204.
remain bound during detergent solubilization. Lipid
molecules 502, 503, 507 and 508 form van der Waals con-
tacts with two symmetry-related bR trimers, thus
accounting for the integrity of the PM. Moreover, lipid
molecules 500 and 506, located in the center and at the
rim of the trimer, respectively, may further add to the
trimer stability. Most of the observed lipid–protein con-
tacts are due to hydrophobic interactions of alkyl chains
with hydrophobic residues along the protein helices. In
addition, tyrosine hydroxyl groups can form hydrogen
bonds with the oxygen atoms of the lipid ethers (e.g.
between Tyr64 and lipid 500 Figure 5b), in agreement
with a recent bR structure [15]. Likewise, several other
tyrosine hydroxyl groups are located in the vicinity of
lipid ethers or head groups: Tyr26 (lipid 508), Tyr131
(lipid 502), Tyr133 (lipid 501) and Tyr147 (lipid 506).
Neutron diffraction experiments [20] on PM with
deuterated lipids revealed the location of two glycol-
ipids, one residing next to Trp80 and the other in the
intertrimer space adjacent to Trp10. In our structure, the
indole ring of Trp80 forms van der Waals contacts with
lipid 500, and Trp10 is in the vicinity of the putative
head group of lipid 504. As our experimental electron
densities do not allow the identification of the lipid
headgroups, the lipid composition of single bR crystals
was determined by mass spectrometry.
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Figure 4
Lipids within and around the bR trimers, viewed along the c axis. The
seven transmembrane helices are depicted in ribbon representation
and colored gray, the colored lipid molecules are shown in ball-and-
stick representation. (a) The cytoplasmic leaflet showing the four lipids
that surround the trimer. Lipid 505 is shown in green, lipid 506 in blue,
lipid 507 in red and lipid 508 in yellow. (b) The extracellular leaflet
showing the four lipids that surround the trimer and the fifth located
within the trimer. Lipid 500 is shown in green, lipid 501 in blue, lipid
502 in red, lipid 503 in yellow and lipid 504 in purple.
Figure 3
The hydrogen-bond network in the extracellular half of the putative
proton pathway. This ball-and-stick figure shows the extensive hydrogen-
bond network (thin gray lines) from the Schiff base, the primary proton
donor, to the extracellular side of bR, from where the proton is expelled.
Water molecules are represented as black spheres labeled ‘W’ and are
numbered. Relevant distances are given in Ångstrom.
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Lipid analysis by mass spectrometry 
The lipid content of three systems was established by UV-
MALDI-MS in the positive (Figures 6a–6c) and negative
ion modes (Figure 6d–6f): individual bR crystals, enzy-
matically released [21] from the cubic phase; native PM;
and cubic phase containing solubilized bR. In the positive
ion mode, PGP-Me, TGD and S-TGA-1 were identified
in all samples, whereas S-TeGa and PG were found only
in PM. Although the signals for TGD in bR crystals are
weak (see Figure 6c), the presence of this lipid was identi-
fied unambiguously and reproducibly in single bR crys-
tals. In the positive ion mode, lipid species were detected
almost exclusively as sodium or potassium adduct ions.
Due to varying fractions in the samples, sodium adduct
ions dominate in the spectrum of PM (Figure 6a), whereas
potassium adduct ions dominate in the spectra of the bR
crystal and the cubic phase. In the negative ion mode
(Figures 6d–6f), PGS, PGP-Me and S-TGA-1 were
detected in all samples, whereas only the PM and the bR
reconstituted into the cubic phase revealed peaks for PG
and S-TeGA. In this mode, lipid species are detected as
deprotonated ions.
As expected, the most intense peak in the spectrum of the
cubic phase originates from monoolein, as detected unam-
biguously in positive ion mode (not shown). In contrast,
no trace of monoolein was found in bR crystals after
hydrolysis. This confirms the completeness of the enzy-
matic hydrolysis of the matrix lipid monoolein in the case
where such treatment was performed. Table 2 shows the
experimentally determined average molecular masses of
all detected lipid species. TGD and PGS could only be
identified in the positive and negative ion mode, respec-
tively. The absence of some lipid species in different ion
polarity modes in UV-MALDI-MS has been reported pre-
viously for phospholipids [22]. For a complete evaluation
of the lipidic compounds in the PM and in bR crystals by
UV-MALDI-MS, a comparison of the different ion polar-
ity modes seems to be a prerequisite.
Dynamics
In addition to the static determination of atomic positions,
X-ray diffraction experiments also yield dynamic proper-
ties with the Debye–Waller factors (B factors) which
reflect both statistical and dynamical disorder (Table 3).
Overall, the cytoplasmic and extracellular parts of bR
exhibit different distributions of the B factors for protein
atoms along the helices, as predicted by molecular dynam-
ics [23] and observed by electron microscopy [4]. With the
exception of helix A, the B factors in the extracellular half
are systematically smaller than those in the cytoplasmic
half of the protein; the largest deviations are observed for
helices B, C, E and F. These differences are most proba-
bly related to dynamical properties rather than to statisti-
cal disorder, are in agreement with neutron scattering
experiments [24] and are likely to have a role in the photo-
cycle. A possible rearrangement of these helices on the
cytoplasmic side, with Asp96 on helix C, could facilitate
the reprotonation of the Schiff base during a later step in
the photocycle, the M→N transition. The largest move-
ments observed in low-resolution or medium-resolution
experiments on the PM were attributed to the cytoplasmic
halves of helices F and G [16–18]. In contrast, helix G
which reveals a kink in the ground state, does not show
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Figure 5
Electron-density maps assigned to lipid molecules. 2Fo–Fc electron-
density maps (contoured to 1σ level, shown in blue) were calculated
without any lipid information. Lipid molecules in ball-and-stick
representation were modeled manually into the density maps. (a) Lipid
506 in van der Waals contact with helix E. (b) The hydrogen bond
between the hydroxyl group of Tyr64 and the ether oxygen of lipid 500.
large flexibility. Therefore, in order to undergo a signifi-
cant movement, structural changes that partly release the
helix-packing strain must occur during the photocycle.
The difference in rigidity is strongly correlated to the
914 Structure 1999, Vol 7 No 8
Table 2
Lipid analysis of bacteriorhodopsin samples by MALDI-MS.
Lipidic species Theoretical average mass Purple membrane Monoolein cubic phase reconstituted bR bR crystal
PG 807.2 807.1 ± 0.2 808.3 ± 0.9 nd
PGS 887.3 886.9 ± 0.3 887.3 ± 0.4 887.4 ± 0.6
PGP-Me 901.2 901.1 ± 0.2 901.1 ± 0.7 900.8 ± 0.8
TGD 1139.6 1139.6 ± 0.3 1139.3 ± 0.4 1139.1 ± 0.6
S-TGA-1 1219.7 1219.6 ± 0.3 1219.8 ± 1.0 1219.2 ± 1.0
S-TeGa 1381.8 1381.4 ± 1.0 1382.6 ± 0.9 nd
Charged lipids are derivatives of 2,3-di-O-phytanyl-sn-glycerol: PG,
phosphatidylglycerol; PGS, phosphatidylglycerol sulfate; PGP-Me,
phosphatidylglycerol phosphate methylester; TGD, triglycosyldiether;
S-TGA-1, sulfated triglycoside lipid; S-TeGa, sulfated tetraglycosyl-
diphytanylglycerol. nd, not detected. Masses are in Dalton.
Figure 6
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Structure
Mass spectra of lipidic compounds. MALDI mass spectra in the
positive ion mode of (a) purple membrane, (b) monoolein cubic
phase reconstituted bR and (c) bR crystals. Mass spectra in the
negative ion mode of (d) PM, (e) monoolein cubic phase
reconstituted bR, and (f) bR crystals. Using 2,5-dihydroxybenzoic
acid as a matrix, a tendency for adduct formation has been
described for some phospholipids [22]. The mass range for
monoolein is not shown.
protein and lipid dynamics and is presumably important
for protein function [25].
Biological implications
The structure of bacteriorhodopsin (bR) surrounded by its
native lipids and including water molecules located in the
proton translocation pathway reveals the principles that
enable efficient proton conduction across the purple mem-
brane (PM). An extensive hydrogen-bond network con-
sisting of the Schiff-base nitrogen, the hydrophilic residues
Asp85, Asp212, Arg82, Glu194, Glu204 and water mol-
ecules is present in the extracellular part of the protein and
may serve as the proton translocation pathway. This
network stabilizes the protonated Schiff base in the ground
state and prevents the transfer of its proton to Asp85, the
primary acceptor. The changes in the vicinity of the Schiff
base, induced by the isomerization of the all-trans retinal
to the 13-cis configuration, trigger the series of events that
lead to proton expulsion into the extracellular medium.
The subsequent reprotonation from the cytosolic side
cannot be readily explained from the structure of the
ground state. Ordered water molecules were not detected
along the pathway from the cytoplasm to the Schiff base,
where tight hydrophobic interactions, including Val49
with Leu93, shelter it from the cytosol. Indeed, conforma-
tional changes along helices F and G are required for
reprotonation to take place during the later stages of the
photocycle [16]. The crystal structure also shows that the
protein and lipids towards the cytoplasmic side are more
flexible than those towards the extracellular side. This
flexibility is consistent with the conformational changes
that may need to occur in the cytoplasmic side in order to
enable translocation of a proton to the Schiff base.
Knowledge of the three-dimensional structure of a
protein forms the basis towards understanding its func-
tion. Furthermore, the dynamics of the protein are
essential for its function, as illustrated in the case of bR
[25]. High-resolution protein structures are usually
obtained on systems that are isolated from their native
biological environment, however. This is particularly
true in the case of membrane proteins, in which deter-
gent molecules replace the native lipids, at least in part.
In this study we show that the crystals are built up of
layers of native-like membranes that are stacked in a
well-ordered array. Furthermore, the spectral character-
istics and kinetics of the photocycle observed in such
crystals are very similar to those observed in the PM
[12]. Our high-resolution structure of the protein with
the lipids and water molecules present in the PM thus
constitutes the biologically relevant structure.
Materials and methods
Crystallization, data collection and reduction
bR was crystallized from a monoolein-based lipidic cubic phase as
described previously [9,10]. Hexagonal plate-like crystals with sizes up
to 80 × 80 × 15 µm3 were removed from the lipase-treated cubic
phases as described [21], light-adapted by illumination with bright
white light, mounted on cryo-loops and flash-frozen in liquid nitrogen.
Crystals diffracted beyond 1.9 Å on beamline ID14-EH3 (European
Synchrotron Radiation Facility [ESRF], Grenoble) [26]. The volume of
these crystals was 10 to 50 times larger than the crystals used for the
first structure determination [11] enabling the use of a collimated rather
than a microfocus beam. As a consequence, radiation damage was
reduced. A complete data set was collected on a single crystal with a
wavelength of 0.93 Å using a MarCCD detector (MARResearch, USA).
Crystals are in space group P63 with unit-cell dimensions
a = b = 60.80 Å, c = 110.52 Å. The data set was integrated to 1.9 Å
using XDS [27] with an overall Rsym of 4.6%. Merging and absolute
scaling were performed with the CCP4 suite [28]. The absence of
twinning was determined with various data analyses (HB, AR and EPP,
unpublished observations). As an example, the twinning can be
detected using the analysis described by Yeates [29] (Figure 7).
Structure determination and refinement
The model was refined using the program CNS [30]. The initial model
(PDB code 1AP9) was restricted to the protein, the retinal and excluding
loops BC and EF. The reflection set for the Rfree evaluation consisted of
the same reflections used for the initial refinement (model 1AP9)
extended to the higher resolution data set. The initial temperature factors
were set to 30 Å2 for all atoms, which is the global temperature factor
determined from the Wilson plot. The structure was refined in several
cycles of energy minimization, simulated annealing to 3000K and 5000K
and temperature-factor refinement (first grouped B factors, two per
residue, then individual B factors). Alternating with the refinements, the
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Table 3
Mean temperature factors.
Helix A B C D E F G
Cytoplasmic half* 25.0 29.9 29.8 24.8 32.8 30.5 24.4
Extracellular half* 25.8 19.4 21.2 20.3 21.1 21.4 22.4
<B>cyto – <B>extra –0.8 10.5 8.6 4.5 11.7 9.1 2.0
*The mean temperature factors in Å2.
Figure 7
Graphic determination of the twinning ratio. H is the fractional
difference between a pair of twin-related intensities. The graph shows in
bold the experimental cumulative distribution of |H| determined from our
data, as described in [29]. For comparison, the theoretical distribution
for various twinning ratios ranging from 0 to 0.4 are drawn as thin lines.
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Structure
structure was manually corrected according to SIGMAA-weighted
2Fo–Fc and Fo–Fc electron-density maps (using the program O [31]).
The absence of twinning allowed a direct determination of 2Fo–Fc from
the experimental structure-factor amplitudes and did not require an esti-
mation of Fo, as is the case for a crystal twinned to 50%. The BC loop
could be reconstructed completely and the EF loop partially (the density
is non continuous for residues 157–162). The overall structure is similar
to the previous structures, showing root mean square deviations (rmsd)
on mainchain atoms (and on all atoms) of 2.0 (2.9), 1.4 (1.7), 0.6 (1.0)
and 0.9 (1.3) Å with models [4], [5], [14] and [15], respectively. Using a
B factor cut-off of 60 Å2, 26 water molecules were modeled. At the final
stage of the refinement, clear electron density corresponding to the lipid
alkyl chains could be observed adjacent to the α helices, some of which
revealed branched methyl groups. The head groups could not be
observed in the electron-density maps. An attempt to locate and refine
individual atoms in these densities led to temperature factors ranging
from 40 to 80 Å2. Consequently, a total refinement of all lipid atoms was
not carried out because the thermal agitation of these atoms were much
higher than those of the protein atoms. We modeled nine lipid molecules
in the electron density, each lipid consisting of two phytol chains. The
location of these lipid molecules, together with the MALDI-MS analysis,
provide a basis for the discussion on lipid–protein interactions in PM.
Taking into account the lipid molecules that were modeled in the elec-
tron density without refinement, the Rcryst and Rfree are 21.9% and
24.0%, respectively. Figures 1 to 5 were prepared using the program
MOLSCRIPT [32].
Crystal release and sample preparation for mass spectrometry
bR crystals were released form the monoolein matrix by enzymatic
monoolein hydrolysis as described [21]. Free-floating single crystals
were thoroughly washed in distilled water, mounted on clean coverslips
and were subjected to an in situ lipid extraction. Other samples were
prepared by the standard dried droplet method, mixing 0.5 µl of the
analyte solution with 1 µl of the matrix solution. The matrix solution con-
sisted of 2,5-dihydroxybenzoic acid with 10% 2-hydroxy-5-methoxy-
benzoic acid, which is a typical matrix for UV-MALDI-MS [33] and
dissolved at 20 g/l in methanol/chloroform (2:1), which is commonly
used for lipid extraction. Mounted single bR crystals were prepared for
MALDI using a piezoelectric pipette (Microdrop GmbH, Germany) [34].
The lipidic compounds were extracted by dispensing 10–25 nl of the
matrix solution on a single crystal. Larger quantities resulted in poor
spectrum reproducibility and lower signal-to-noise ratio. Typical pulse
conditions for a stable droplet generation of the matrix solution were as
follows: 10 Hz cycling of a 180 V piezo voltage for 5 s with a single
pulse length of 130 µs. The dispensing resulted in an almost complete
resolvation of the bR crystal by simultaneous lipid extraction and
embedding of the lipids in the organic matrix layer. Subsequently, the
sample was mounted with double-sided adhesive tape on a stainless
steel target and introduced into the vacuum chamber (8.10–7 mbar).
Mass spectrometry
MALDI-MS [35] was carried out with an in-house built time-of-flight
(TOF) mass spectrometer [36]. All experiments presented here were
conducted in the linear mode with delayed ion extraction at an accelera-
tion voltage of 20 kV and using a N2 laser (λ = 337 nm) (Laser Science
Inc., Franklin, MA, USA). A venetian blind secondary electron multiplier
(SEM) (EMI 9643) was used for ion detection. Because of the elec-
tronic rise time of the detection system, the signal resolution was limited
to 600 (full-width at half-maximum) in the optimal cases. Lipid spectra
were recorded either in positive or negative ion mode using
angiotensin, bradykinin, substance p and renin as external calibrants.
Accession numbers
The coordinates and structure factors have been deposited with the
PDB with accession codes 1qhj and r1qhjsf, respectively.
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